Summary: Advances in next generation sequencing have generated massive amounts of short reads. However, assembling genome sequences from short reads still remains a challenging task. Due to errors in reads and large repeats in the genome, many of current assembly tools usually produce just collections of contigs whose relative positions and orientations along the genome being sequenced are still unknown. To address this issue, a scaffolding process to order and orient the contigs of a draft genome is needed for completing the genome sequence. In this work, we propose a new scaffolding tool called CSAR that can efficiently and more accurately order and orient the contigs of a given draft genome based on a reference genome of a related organism. In particular, the reference genome required by CSAR is not necessary to be complete in sequence. Our experimental results on real datasets have shown that CSAR outperforms other similar tools such as Projector2, OSLay and Mauve Aligner in terms of average sensitivity, precision, F-score, genome coverage, NGA50 and running time. Availability and implementation: The program of CSAR can be downloaded from https://github. com/ablab-nthu/CSAR. Contact:
Introduction
Next generation sequencing techniques have greatly advanced in the past decade. Particularly, they usually produce a large number of short reads for a genome being sequenced. However, assembling genome sequences from short reads remains a challenging problem (Pop, 2009 ). Due to errors in reads and large repeats in the genome, many assembly tools combine short reads to give only larger subsequences called contigs whose relative positions and orientations along the genome being sequenced are still unknown. The collection of such contigs is called a draft genome. A scaffolding process is then utilized to order and orient the contigs in a draft genome into scaffolds (i.e. ordered and oriented contigs) so that the gaps between all pairs of correctly ordered and oriented contigs can be further closed in the subsequent finishing process. In principle, in addition to paired-end reads, a genome of a related organism serving as a reference is another useful information for scaffolding the contigs of a draft genome. Currently, several such reference-based scaffolding tools have been proposed (Lu et al., 2014) . However, only a few of them allow the reference genome to be unfinished or incomplete when scaffolding the contigs, such as Projector 2 (van Hijum et al., 2005) , OSLay (Richter et al., 2007) and Mauve Aligner (Rissman et al., 2009) . In practice, complete reference genomes are not always available for a draft genome to be scaffolded. In this study, we present a new reference-based scaffolding tool named as CSAR (short for 'Contig Scaffolding tool using Algebraic Rearrangements'), which can efficiently and more accurately scaffold the contigs of a V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com given draft genome based on an incomplete reference genome of a related organism. In addition, our experimental results on real datasets have shown that CSAR indeed outperforms Projector2, OSLay and Mauve Aligner in terms of many average metrics, such as sensitivity, precision, F-score, genome coverage, NGA50 and running time.
Materials and methods
The kernel program of CSAR was implemented by using a nearlinear time algorithm we recently developed to solve the scaffolding problem (Lu, 2015) . In principle, we considered a contig as a linear chromosome, which can be further represented as a sequence of genetic markers (or genes), and the job of scaffolding two contigs as performing a fusion of their corresponding chromosomes. By this viewpoint, we then formulated the scaffolding problem as the following genome rearrangement problem. Given two sets of contigs, one serving as a target genome to be scaffolded p and the other as a reference genome r, the contig ordering problem is to join the contigs in both p and r such that the algebraic rearrangement distance between the resulting scaffolds of p and r is minimized. The algebraic rearrangement distance mentioned above is the minimum weight of applicable rearrangement operations (e.g. reversals, transpositions and translocations) required to transform one genome into another. In addition, we showed that the contig ordering problem is equivalent to joining the contigs in both p and r such that the number of cycles in the adjacency graph between the resulting scaffolds of p and r is maximized. Finally, we utilized the techniques of permutation groups in algebra to design a near-linear time algorithm for solving the contig ordering problem. For more details about this algorithm, we refer the readers to the Supplementary Material. In the implementation of CSAR, we used the program NUCmer or PROmer from MUMmer's package (Kurtz et al., 2004) to identify conserved genetic markers between p and r, where NUCmer was performed on nucleotide sequences of p and r and PROmer on amino acid sequences of p and r translated from their nucleotide sequences in all six reading frames.
Results
We used six real datasets of draft genomes (five bacterial genomes and one human chromosome) to test CSAR and compared its performance with those of Projector2, OSLay and Mauve Aligner. Each of these datasets was composed of a target genome (i.e. the draft genome to be scaffolded) as shown in Table 1 and three incomplete reference genomes from different evolutionarily related organisms (refer to the Supplementary Material for their details). In addition, each target genome has a publicly available complete genome sequence, from which we derived a reference order for its contigs to serve as the standard of truth in our evaluation. All the scaffolding tools were evaluated in terms of sensitivity, precision, F-score, genome coverage, NGA50, number of scaffolds and running time (Gurevich et al., 2013; Lu et al., 2014) . A join of two contigs in a scaffold is said to be correct if they appear consecutively in the reference order (i.e. no other contig in between) and also in correct orientation. Given the result returned by a scaffolding tool, we call the number of their correct contig joins as true positive (TP) and the number of the others as false positive (FP). By letting P be the number of all contig joins in the reference order, we compute the following quality metrics:
TPRþPPV , where TPR is true positive rate (i.e. sensitivity), PPV is positive predictive value (i.e. precision) and F-score is the harmonic mean of sensitivity and precision. Basically, a correct contig join in a scaffolding result can be considered as a correct contig adjacency. Given a contig, if both of its ends have correct adjacencies, its whole length is thus counted as contributing to the genome coverage. If only one end of this contig has a correct adjacency, half of its length is counted. If neither of its ends has a correct adjacency, this contig is then not considered. The genome coverage of a scaffolding result is thus defined as the ratio of the sum of the contig lengths counted by the aforementioned rules to the sum of all contig lengths. The NGA50 value is computed by aligning the scaffolds to the complete genome of the target, breaking them at misassembly breakpoints, removing unaligned regions and calculating the NG50 value of the obtained scaffolds. In our experiments, all the evaluated scaffolding tools were run with their default parameters. Table 2 shows their average performance results over the five bacterial datasets. Clearly, upon using PROmer to identify conserved genetic markers, CSAR achieves the best results in average sensitivity, precision, F-score, genome coverage and NGA50, whereas the second best result in average number of scaffolds as compared to the other tools. On the other hand, CSAR running with NUCmer is still able to hold the second best in the average performances of F-score, genome coverage and NGA50. As for the other tools, Mauve Aligner gives the best result in average number of scaffolds by greatly sacrificing its average precision. OSLay presents the second best average precision, but the worst average NGA50. Projector2 yields the worst results in the average performances of sensitivity, F-score, genome coverage and number of scaffolds. In terms of average running time, all the tools took less than half a minute to finish their jobs, except for Mauve Aligner taking about 4 min. As for the dataset of human chromosome 14, CSAR running with NUCmer outperforms the other tools in all performance measures except for the number of scaffolds as shown in Note: The values of sensitivity (abbreviated as 'Sen.'), precision (abbreviated as 'Prec.'), F-score and genome coverage (abbreviated as 'Cov.') are shown in percentage (%), and the size of NGA50 is shown in base pairs (bp). The column '# Scaf.' gives the number of scaffolds returned by each scaffolding tool and the column 'Time' displays the running time. The best result in each column is displayed in bold Table 3 , where both OSLay and Projector2 were unable to process this dataset because of their failure to obtain the scaffolding results or insufficient disk space. We refer the readers to the Supplementary Material for more detailed results. Although CSAR running with NUCmer produced a much higher number of scaffolds in the dataset of human chromosome 14, its precision was significantly higher than that of Mauve Aligner. In general, for a scaffolding tool, minimizing the number of scaffolds may inevitably increase the number of incorrect contig joins, thereby decreasing the precision. On the other hand, maximizing the precision may often reduce the number of incorrect contig joins, hence increasing the number of scaffolds. In other words, there is a tradeoff between minimizing the number of scaffolds and maximizing the precision.
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